An efficient assay for S-adenosyl-L-methionine:macrocin O-methyltransferase, the enzyme which carries out the terminal step in tylosin biosynthesis, is described. Macrocin O-methyltransferase requires Mg2+ and S-adenosyl-L-methionine for activity, has a temperature optimum of about 31°C, and has a pH optimum of 7.5 to 8.2. Macrocin O-methyltransferase specifically converts macrocin to tylosin by O-methylation of the 3"' position of macrocin. In vitro methylation studies with extracts from a tylosin-producing Streptomyces fradiae strain and from mutant strains blocked in 2"'-or 3"'-0-methylations indicated that: (i) the 2"'-and 3"'-0-methylations occur after 6-deoxy-D-allose is attached to the macrolide ring; (ii) the 2"'-and 3"'-0-methylations are carried out by separate enzymes; and (iii) the 2"'-O-methylation precedes the 3"'-0-methylation. Macrocin O-methyltransferase was inhibited by high levels of its substrate, macrocin, by its product, tylosin, and by other tylosin analogs which contained mycinose or demethyl analogs of mycinose. Macrocin O-methyltransferase was produced early in the tylosin fermentation cycle by S. fradiae and preceded the onset of rapid tylosin biosynthesis by about 24 h. The enzyme specific activity reached maximum at about 72 h and then slowly declined. A mutant strain of S. fradiae selected for increased tylosin production synthesized macrocin O-methyltransferase more rapidly and accumulated a higher enzyme specific activity than a wild-type strain.
experimental analysis in a variety of species. To understand regulation of antibiotic genes, and to determine how specific mutations affect expression of these genes, one needs to identify antibiotic gene transcription or translation products, preferably ones which can be quantified in crude extracts so that comparative studies can be made with different mutant strains under different nutritional conditions. In addition, such probes will be useful to characterize clones containing specific gene amplifications either by natural or recombinant deoxyribonucleic acid techniques (2, 19) .
We are interested in understanding the get Present address: John Innes Institute, Norwich NR4 7UH, England. netics and biochemistry of tylosin biosynthesis in Streptomyces fradiae. This is a useful model, since (i) many mutants differing in antibiotic productivity or blocked in specific tylosin biosynthetic steps (3) are available for comparative analysis, (ii) an efficient protoplast fusion technique for genetic mapping and strain construction is available (1, 2) , (iii) the enzyme which carries out the terminal biosynthetic step (3, 21) (an O-methylation) can be assayed in crude extracts (this report), and (iv) tylosin is an economically important antibiotic. Since the terminal O-methylation is rate limiting in certain highly productive mutants of S. fradiae (E. T. Seno and R. H. Baltz, manuscript in preparation), it presents a practical model for genetic manipulation.
In this communication, we describe an accurate assay to measure macrocin O-methyltransferase activities in crude extracts of S. fradiae. We show with mutants blocked in specific 0-methylations of demethylmacrocin or macrocin that the 2"'-and 3"'-0-methyltransferase enzymes are specific and that the 2"'-0-methyla-tion precedes the 3"'-0-methylation. We demonstrate that the macrocin O-methyltransferase enzyme is subject to substrate, product, and substrate or product analog inhibition. We also show that an S. fradiae mutant selected for increased tylosin biosynthesis produces elevated levels of macrocin O-methyltransferase.
MATERIALS AND METHODS Bacterial strains. S. fradiae T59235 is a stable spontaneous variant of a wild-type strain which produces tylosin. S. fradiae C4 was derived from T59235 by a series of mutational steps, using nitrous acid, ultraviolet light, and N-methyl-N'-nitro-N-nitrosoguanidine. S. fradiae GS15 and GS16 are mutants derived from C4 blocked in O-methylations of macrocin and demethylnacrocin, respectively (3).
Media and fermentation conditions; Tylosin fermentation media, fermentation conditions, and general culture conditions were as described (3) .
Preparation of cell-free extracts. Fermentation broths from replicate fermentation bottles were pooled (about 35 ml total) in 50-ml polypropylene tubes. The mycelia were recovered by centrifugation at 12,000 x g for 10 (ii) Stability. Preliminary experiments to determine the stability of macrocin 0-methyl- transferase in crude extracts indicated that a significant loss in enzyme activity could occur during incubations at 25°C. Addition of 20 mM Mg2+ or 21 ,uM SAM increased the half-life of macrocin O-methyltransferase at 25°C by about twofold, whereas addition of macrocin had no effect. In the absence of added Mg2+ or SAM, the rate of loss of enzyme activity varied with fermentation time; half-lives ranged from about 38 min at 18 h to around 3 min at 66 h or later. Addition of at least 5 mg of BSA per ml (7 to 10 mg of total protein per ml) consistently increased the half-lives of unstable enzyme extracts by 10-to 15-fold (e.g., from 3 min to 30 or 45 min). Macrocin O-methyltransferase activities also slowly declined during incubations at 0°C in the absence of added Mg2+ or SAM (e.g., half-life of 400 to 450 min at 138 h in the fermentation). The half-lives were increased by about twofold by adding BSA (5 mg/ml) to crude extracts. This relatively slow loss of enzyme activity apparently had no appreciable effect during the ultrasonic treatmpent, since extractions of duplicate cell prepara"tions with and without BSA at 5 mg/ml yielded virtually identical macrocin O-methyltransferase activities.
Since some loss of macrocin O-methyltransferase activity was detectable at 0°C, we thought that loss in enzyme activity might occur during the cell centrifugation and washing steps before preparation of cell-free extracts. To determine the extent of enzyme loss during these steps, fermentation broths and washed cells were stored at different temperatures for various times before enzyme extractions. Incubation of fermentation broth for 120 h at -17 or 6 to 8°C resulted in only 10 to 20% decreases in macrocin O-methyltransferase activities. Surprisingly, storage of fermentation broth for 120 h at room temperature resulted in only 40% loss in macrocin O-methyltransferase activity. These results strongly suggested that very little enzyme activity was lost before breakage of cells.
Properties of macrocin O-methyltransferase in cell-free extracts. (i) Requirements for activity. Macrocin O-methyltransferase used SAM as a methyl donor (Fig. 2) : the apparent Km for SAM determined from Lineweaver-Burk plots (not shown) was about 13 tiM. The enzyme required Mg2e for activity; maximal enzyme activity was observed at about 20 mM. Figure 3 shows the macrocin O-methyltransferase activities at various macrocin concentrations. The enzyme activity increased to a maximum at about 9 uM macrocin and then declined markedly with increasing substrate concentration. One-half maximal activity was obtained at about 2 yM macrocin, and the enzyme was 50% inhibited at about 65,M macrocin. The enzyme activity was slightly depressed by high concentrations of inorganic or organic buffers (Fig. 2) .
(ii) Temperature and pH. Figure 4a shows the relative activities of macrocin 0-methyl- transferase at various temperatures in 5-or 10-min assays. Maximal activity was obtained in the 5-min assay at 31°C, but appreciable loss in activity was apparent in the 10-min assay. Enzyme activity was reduced appreciably at 34 and 370C and absent at 400C. At 280C, the discrepancy between the 5-and 10-min assays was reduced, and at 250C or below, the 5-and 10-min assays gave identical enzyme specific activities.
The pH optimum for macrocin 0-methyltransferase in P04 buffer was 7.5 to 8.2 (Fig. 4b) . The enzyme activity declined sharply below pH ( Fig. 5a ), or up to the level of enzyme which gave about 20,000 dpm per standard assay (13 pmol of [methyl-14C]SAM incorporated per min). The enzyme activity was linear with time at 250C for about 30 min (Fig. 5b) .
(iv) Product identity. (v) Substrate specificity. Tylosin contains 0-methyl groups at adjacent positions, the 2"' and 3"' positions of mycinose (Fig. 1) . We isolated mutants blocked in O-methylations which accumulated either macrocin or demethylmacrocin (see Fig. 1 ) and which were able to cosynthesize tylosin in mixed fermentation (3) . Table  2 shows the results of an experiment in which extracts of these two mutants and the parent strain (C4) were used to measure 0-methyltrans- 0-methylmacrocin transferase a S. fradiae strains C4, GS15, and GS16 were grown under fermentation conditions for 89 h, and cell-free extracts were prepared and diluted 10-fold for assay. ' Demethylmacrocin was added at the same concentration as macrocin in the standard macrocin 0-methyltransferase assay.
ferase activities with macrocin or demethylmacrocin as the substrate. The extract of S. fradiae C4 used both demethylmacrocin and macrocin as substrates, as expected. Demethylmacrocin was methylated more than twice as efficiently as macrocin, suggesting that the 2"'-O-methylation proceeds more rapidly than the 3"'-O-methylation under the assay conditions. The extract from S. fradiae GS15, the mutant which does not convert macrocin to tylosin in vivo (3), converted macrocin to tylosin less than 1% as efficiently as the parent strain, C4. However, it methylated demethylmacrocin efficiently. The extract from strain GS16, which accumulates demethylmacrocin and virtually no macrocin or 374 SENO AND BALTZ ANTIMICROB. AGENTS CHEMOTHER.
on June 29, 2017 by guest http://aac.asm.org/ Downloaded from tylosin (3), did not methylate demethylmacrocin (<1% activity), but methylated macrocin efficiently. Therefore, the 2"' and 3"' positions of the precursors of mycinose are methylated by different O-methyltransferase enzymes, and the 2"'-O-methylation must precede the 3"'-Omethylation.
Inhibition ofmacrocin O-methyltransferase by substrate, product and other tylosinlike compounds. In addition to being inhibited by elevated levels of its substrate, macrocin 0-methyltransferase was inhibited by tylosin, desmycosin, relomycin, and demethylmacrocin ( Fig. 6 ; see reference 3 for structures). All of these compounds, which possess mycinose or demethyl analogs of mycinose (3), had similar apparent K,s of about 50 to 65 ,IM. Tylactone, demycinosyl tylosin, and O-mycaminosyl tylonolide (3), which lack mycinose or demethyl analogs of mycinose, were not efficient inhibitors of macrocin O-methyltransferase (Fig. 6) . Their KI/s estimated by extrapolation were about 20-fold higher than those for compounds containing mycinose or its demethyl analogs.
Macrocin O-methyltransferase activities in S. fradiae strains which produce normal or elevated levels of tylosin. Macrocin 0-methyltransferase was produced early in the fermentation cycle with S. fradiae T59235 (Fig.   7 ). Maximal apparent specific activity was obtained at 3 days, and relatively high enzyme levels were maintained through 6 days. Rapid tylosin biosynthesis followed the onset ofbiosynthesis of this tylosin-specific enzyme. The appearance of macrocin O-methyltransferase was U, tylactone. Structures ofthese compounds have been described elsewhere (3, 15, 21) . more rapid in the mutant strain (C4) selected for higher tylosin productivity. Maximal apparent specific activity, which was twice that of T59235, was observed at 2 days (Fig. 7) , and then enzyme specific activity slowly declined. As with T59235, tylosin production in C4 followed the onset ofrapid macrocin O-methyltransferase production by about 1 day. Strain C4 produced about 3.4 times as much tylosin as did strain T59235.
DISCUSSION
We have described the properties of macrocin O-methyltransferase in crude extracts of S. fradiae. This enzyme carries out the terminal step in the biosynthesis of the macrolide antibiotic tylosin (3, 21) . We have identified conditions to minimize the loss of enzyme activity during cell harvesting, extraction, and assay and have shown that the enzyme specific activity can be accurately determined for comparative studies. The apparent Km for the substrate, macrocin, was about 2 t,M. The enzyme activity was inhibited by its product, tylosin, and the apparent KI (65 ,uM) was well below the levels of tylosin produced by most S. fradiae strains. Product inhibition is fairly common in antibiotic fermentations (14) , and at least three other antibioticspecific O-methyltransferases are inhibited by their products (7, 16, 20) . However, macrocin 0-methyltransferase was also inhibited by its substrate, macrocin, and by other tylosin analogs which contrained mycinose or demethyl analogs of mycinose. This includes demethylmacrocin (Fig. 1) , which lacks both 2"'-and 3"'-O-methyl groups of mycinose but which was not a substrate for the macrocin 0-methyltransferase en-VOL. 20, 1981 on June 29, 2017 by guest http://aac.asm.org/ Downloaded from zyme. All of these compounds inhibited the enzyme as efficiently as tylosin, apparently independent of the degree of methylation of 6-deoxy-D-allose, the oxidation level of C-20, or the presence of mycarose (3) . The compounds which lacked mycinose or its demethyl analogs (i.e., tylactone, demycinosyl tylosin, and O-mycaminosyl tylonolide) were much less inhibitory (K, > 1.0 mM), indicating that the specificity for inhibition lies in the 6-deoxy-D-allose moiety of tylosin. S. fradiae may convert macrocin to tylosin in vivo in the presence of high levels of macrocin O-methyltransferase inhibitors by maintaining lower intracellular levels of tylosinlike inhibitors than extracellular levels. We have not yet determined the nature of the enzyme inhibition, nor do we know if free mycinose is inhibitory.
We have shown in vitro with extracts of mutants blocked specifically in the 2"'-or 3-Omethylation that the 2"'-and 3"'-O-methyltransferase activities are highly specific and that both O-methylations can occur after 6-deoxy-Dallose is attached to the lactone of tylosin. We have also shown that O-methylation of the 2"' position must precede the O-methylation of the 3"' position. Dimethylation of 6-deoxy-D-allose after it is attached to the lactone ring is consistent with the finding that only two thymidine diphospho-sugars containing methyl-14C groups from [methyl-'4C]SAM were produced by a S. rimosus strain which produces tylosin (18) . One of these sugars was thymidine diphosphomycarose (which contains a C-methyl group), and the other may have been thymidine diphosphomycaminose (which contains two N-methyl groups).
Macrocin O-methyltransferase was synthesized early in the tylosin fermentation and reached relatively high levels of apparent specific activity before the onset of rapid tylosin biosynthesis in S. fradiae. A fundamental question about control of antibiotic productivity in Streptomyces is whether mutants selected for elevated antibiotic productivity synthesize higher levels of antibiotic-specific enzymes, or whether mutations influencing antibiotic yield are associated with increased precursor levels, cofactors, etc. We monitored the level of macrocin O-methyltransferase and tylosin productivity in a strain which had been selected for elevated tylosin production. This strain produced about 3.4 times the level of tylosin produced by a stable variant of the wild-type strain (T59235) and also synthesized about twice the apparent specific activity of macrocin O-methyltransferase as T59235. Therefore, mutagenesis and random selection based on the phenotype of high antibiotic productivity can yield mutants which produce elevated levels of this antibiotic-specific enzyme. Although S. fradiae C4 produced higher levels of macrocin O-methyltransferase than did T59235, it accumulated macrocin during the fermentation in complex medium, whereas the T59235 did not (Seno and Baltz, manuscript in preparation). This may be due to accumulation of higher extracellular levels of inhibitory precursors and products which may, in turn, increase the intracellular levels of these inhibitors. This apparent feedback inhibition might be overcome by further increasing enzyme production through gene amplification by tandem duplication (2, 19) or by gene cloning (4, 6, 22, 23) . Alternatively, enzyme activity might be enhanced by elevating the levels of transcription by promoter mutations or by genetically altering the K, for inhibitors. Since these mutations cannot be selected for directly, this system provides a practical model for site-directed mutagenesis in cloned antibiotic gene promoters and structural gene sequences (19) .
The macrocin O-methyltransferase assay described here should also provide a probe to study mechanisms of regulation of macrolide antibiotic-specific enzymes. Such probes are needed, since they should allow one to discriminate between metabolic effects on precursor flow and specific effects on transcription and translation of antibiotic genes, which cannot be determined by probing antibiotic biosynthesis alone (19) . In this regard, further development of the assay for demethylmacrocin O-methyltransferase and genetic mapping of the structural genes for both O-methyltransferases may provide a model to study regulation of antibiotic biosynthetic enzymes with similar but distinct activities.
